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Abstract: The emergence of bacterial strains resistant to antibiotics is a general public 
health problem. Progress in developing new molecules with antimicrobial properties has been 
made. In this study, we evaluated the biological activity of a hybrid nanocomposite com- 
posed of synthetic biomimetic hydroxyapatite surface-functionalized by lactoferrin (LF-HA). 
We evaluated the antimicrobial, anti-inflammatory, and antioxidant properties of LF-HA and 
found that the composite was active against both Gram-positive and Gram-negative bacteria, 
and that it modulated proinflammatory and anti-inflammatory responses and enhanced anti- 
oxidant properties as compared with LF alone. These results indicate the possibility of using 
LF-HA as an antimicrobial system and biomimetic hydroxyapatite as a candidate for innovative 
biomedical applications. 

Keywords: lactoferrin, hydroxyapatite nanocrystals, biomimetism, biological activity, drug 
delivery 

Introduction 

The widespread use of antibiotics has generated bacterial strains resistant to multiple 
antibiotics, sometimes resulting in very low therapeutic efficiency. For this reason, 
the demand for new antibiotics has been constant for almost 10 years. 1 Antimicrobial 
peptides or proteins represent a source of "natural antibiotics", and have been found 
in a wide range of organisms (bacteria, plants, insects, amphibians, and mammals) 
where they play an important role in defense. 2-6 Lactoferrin (LF) is an antimicrobial 
protein that was first identified in bovine milk and later in neutrophil granules, as 
well as in mucosal secretions, such as saliva and the nasal and bronchial secretions 
of various mammalian species, including man, goat, horse, and rodents. 7 8 LF is 
a nonheme glycoprotein with a molecular weight of about 80 kDa and is a part 
of the transferrin protein family, so is one of the proteins capable of binding and 
transferrin Fe 3+ ions in serum. LF has good iron-binding affinity and is the only 
transferrin with the ability to retain this metal over a wide pH range. 9,10 LF also 
exhibits good resistance to proteolysis by trypsin and trypsin-like enzymes, and the 
level of resistance is proportional to the degree of iron saturation. At physiological 
pH, the LF molecule has a net positive charge and its distribution in various tissues 
makes it a multifunctional protein. LF is involved in several physiological func- 
tions, including regulation of iron absorption in the bowel, the immune response, 
participation in antioxidant, anticarcinogenic, and anti-inflammatory activity, and 
antimicrobial infection. 7 
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The antimicrobial activity of LF is mostly due to two 
mechanisms. The first is the ability of LF to chelate iron with 
the microorganisms that require this metal, thereby depriving 
them of the source of this nutrient. 11 The second mechanism 
is related to the ability of LF to interact with the cell mem- 
brane on some bacteria, leading to changes in permeability 
and causing lysis, with the release of lipopolysaccharide 
from the outer membrane of Gram-negative bacteria. 7 It 
has been shown that LF can be synthesized de novo during 
certain bacterial infections, and this finding supports the 
idea that LF has an important role in defending its host; in 
fact, LF can act via iron deprivation or direct antimicrobial 
activity. 812 Thermal analysis characterization of LF has been 
well reported in the literature, 1314 demonstrating that iron 
bound to LF confers more resistance to thermal denaturation, 
as well as to proteolytic protein digestion. 

Interaction between proteins and different kinds of 
inorganic surfaces, like hydroxyapatite (HA) nanocrystals, 
biogenic silica, carbonates, and phosphate, plays an important 
role in many applications, including medicine, pharmacy, 
nanodevices, biosensors, and bioengineering. 1516 Interesting 
research results concern the interaction with myoglobin or 
alendronate bioconjugates to check the ability of an inorganic 
biomaterial as a carrier for bioactive molecules and drugs. 
Biomimetic materials appear to be function mainly as drug 
delivery agents. 17 

Biomimetic HA crystals can be synthesized as non- 
stoichiometric carbonated HA crystals with a length of 
about 100 nm, a width of 20-30 nm, and a thickness of 
3-6 nm, resembling the nanoscale-dimensioned plate-shaped 
morphology of bone crystals. Biomimetic HA crystals need 
to be synthesized in nanoscale dimensions, but with spe- 
cific physicochemical properties, including a plate-shaped 
morphology, a low degree of crystallinity, a nonstoichiomet- 
ric composition, surface crystalline disorder, and presence 
of carbonate ions in the crystal lattice. It is well known that 
HA shows a high affinity for proteins and a wide variety of 
biological molecules; for example, HA is widely used for 
the separation of various proteins in high performance liquid 
chromatography systems. 1819 LF is adsorbed onto biomimetic 
HA nanocrystals at two different pH values (7.4 and 9.0). 
The positive electrostatic surface potential of LF at pH 7.4 
allows strong surface interaction with the slightly negative 
HA nanocrystals and avoids protein-protein interaction, 
leading to formation of a coating protein monolayer. The 
nanosized HA does not appreciably affect the conformation 
of the adsorbed protein. Using Fourier transform-Raman 
and Fourier transform infrared (FT-IR), we found that, after 



adsorption, the protein was only slightly unfolded with a 
small fraction of the alpha-helix structure being converted 
into turn, while the beta-sheet content remained almost 
unchanged. The bioactive surface of HA functionalized 
with LF could be utilized to improve the material perfor- 
mance towards the biological environment for biomedical 
applications. 20-22 

A main challenge for innovative materials is the use of 
biomimetic HA nanocrystals surface-functionalized with 
bioactive molecules which can transfer information and 
operate specifically in the biological environment. In this 
work, we evaluated the biological activity and properties 
of biomimetic HA nanocrystals surface-functionalized with 
lactoferrin (LF-HA). This molecule shows good antimicro- 
bial, immunomodulatory, and antioxidant properties, and 
our results indicate that LF-HA is an excellent candidate for 
overcoming antibiotic resistance. 

Materials and methods 

Preparation of biomimetic HA 
nanocrystals 

Biomimetic HA [Ca 5 (P0 4 ) 3 (OH)] nanocrystals were 
synthesized according to a previously reported method. 23 
Biomimetic HA nanocrystals were precipitated from an 
aqueous solution of (CH 3 COO) 2 Ca (75 mM) by slow addi- 
tion (one drop per second) of an aqueous solution of H 3 P0 4 
(50 mM), keeping the pH constant at 10 by addition of (NH 4 ) 
OH solution. 

Adsorption of LF 

LF, a 97% pure protein fraction from cow's milk, was 
obtained from DMW International Ltd (Veghel, the 
Netherlands). All common high-purity chemical reagents 
were supplied by Sigma-Aldrich (St Louis, MO, USA). 
Ultrapure water (0.22 mS, 25°C) was used. Samples of 
adsorbed lactoferrin (LF-HA) were prepared by mixing 
10 mg of HA with 1.5 mL of protein dissolved in HEPES 
buffer (0.01 M HEPES, 0.15 M NaCl) at pH 7.4 or in Tris 
buffer (0.01 M Tris, 0.15 M NaCl) at pH 9.0, with differ- 
ent concentrations (ranging from 0.1 to 10 mg/mL) in a 
2 mL Eppendorf tube. The mixture was maintained in a 
bascule bath at 37°C for 24 hours. For the spectroscopic 
and thermal investigations, the solid was washed twice with 
ultrapure water and recovered by centrifuging at 1 0,000 rpm 
(12,700 g) for 3 minutes. The amount of adsorbed protein 
was determined by calculating the difference between the 
concentrations of the protein solutions before and after 
adsorption on HA nanocrystals. 
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Bacteria 

The study included the following species: Staphylococcus 
aureus Al 70, Listeria monocytogenes, Salmonella enterica 
serovar Paratyphi, and Escherichia coli. Isolates were 
obtained from patients hospitalized at the Medical School, 
University of Naples. All bacteria were characterized using 
Biolog MicroStation™ System/MicroLog™ (User's guide 
version 5.2.01, Biolog, Hayward, CA, USA) and specimens 
were confirmed by polymerase chain reaction assay of the 
genes Hsp 60 (S. aureus), Mono A {L. monocytogenes), invA 
(S. enterica serovar Paratyphi B), and Stxl (E. coli). 24 ~ 21 The 
bacteria were grown as described elsewhere. 5 

Antibacterial activity 

The bacteria were distributed in triplicate into plates (60 |iL 
per well), mixed with a series of dilutions of LF-HA 
(300-500 ng/mL, 40 \iL per well), and incubated at 37°C 
for 20 hours. The minimal concentration of LF-HA causing 
100% growth inhibition (MIC ]00 ) was determined by measur- 
ing absorbance at 600 nm using a microplate reader (Model 
680, Bio-Rad Hercules, CA, USA). 6 

Hemolytic activity 

LF-HA was tested for its hemolytic activity using murine red 
blood cells. The hemolytic activity was measured according 
to the formula: 

OD - OD , „ ,/OD . . tl -OD t . , , x 100 

peptide negative control positive control negative control 

where the negative control (0% hemolysis) was represented 
by erythrocytes suspended in saline while the positive control 
(100% hemolysis) was represented by erythrocytes lysed 
with 1% Triton X-100. 6 The LC„ value was calculated as 
described elsewhere. 6 

Cell culture and trials of cytotoxicity 

A human acute monocytic leukemia cell line (THP- 1 , American 
Tissue Culture Collection, Rockville, MD, USA) were cultured 
in complete medium consisting of Roswell Park Memorial 
Institute medium, 10% fetal bovine serum, 100 IU/mL peni- 
cillin, and 100 U.g/mL streptomycin (all from Gibco, Paisley, 
Scotland). Cell adhesion was induced with phorbol myristate 
acetate (2 |ig/mL per well). Cell viability and nitrite production 
were evaluated as described in another publication 6 at LF-HA 
concentrations of 300-500 u.g/mL for 24, 48, and 72 hours. 
A lactate dehydrogenase (LDH) assay was performed using 
a CytoTox 96® Non-Radio cytotoxicity assay kit (Promega, 
Madison, WI, USA) at 2, 4, and 24 hours. 



Antioxidant activity of LF-HA 

The antioxidant activity of LF-HA was assessed as previously 
described. 28 

Enzyme-linked immunosorbent assay 
of inflammatory activity 

THP-l cells (10 6 cells per well) were stimulated with 
lipopolysaccharide 10 u.g/mL for one hour. The THP-l cells 
stimulated or not with lipopolysaccharide 10 |ig/mL were 
then treated with LF-HA or acetylsalicylic acid 300 u.g/mL 
for 2, 4, and 24 hours. Tumor necrosis factor (TNF)-oc, 
interferon (IFN)-y, interleukin (EL)- 17, IL-8, IL-12, EL-6, 
IL-10, and IL-4 levels were assayed by enzyme-linked 
immunosorbent assay as reported elsewhere. 29 

Chemical analysis 

Calcium and phosphorus content was determined by induc- 
tively coupled plasma-optical emission spectrometry (Liberty 
200, Varian, Clayton South, Australia). HA and functional- 
ized HA nanocrystals were dissolved in 1 wt% ultrapure nitric 
acid. The following analytical wavelengths were chosen: 422 
nm for calcium and 213 nm for phosphorus. 

Electron microscopy 

Transmission electron microscopy investigations were 
carried out using a 1200 EX microscope fitted with link 
elemental dispersive X-ray analysis detectors and a 3010 
UHR operating at 300 kV (JEOL Ltd, Tokyo, Japan). The 
powdered samples were ultrasonically dispersed in ultrapure 
water and a few droplets of the slurry were then deposited 
on perforated carbon foils supported on conventional cop- 
per microgrids. Scanning electron microscopy observations 
were carried out using an 840A microscope (JEOL Ltd). The 
specimens were mounted on aluminum stubs using carbon 
tape and covered with a coating of Au-Pd approximately 10 
nm thick using a coating unit (Polaron Sputter Coater E5 100, 
Polaron Equipment, Watford, UK). 

X-ray diffraction analysis 

X-ray diffraction powder patterns were collected using 
Analytical X'Pert Pro equipped with an X'Celerator detec- 
tor powder diffractometer with Cu Ka radiation generated 
at 40 kV and 40 mA. 

The degree of HA crystallinity was calculated according 
to the formula: 

Crystallinity = 100 x C/(A + C) 
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where C is the area of the peaks in the diffraction pattern 
("the crystalline area") and A is the area between the peaks 
and the background ("the amorphous area"). 30 

Determination of specific surface area 

Measurements were done using a Sorpty 1750 instrument 
(Carlo Erba) using N 2 absorption at 77 K and the well known 
Brunauer, Emmett, and Teller procedure. 31 

X-ray photoelectron spectroscopy 
analysis 

X-ray photoelectron spectroscopy measurements were per- 
formed using an M-Probe (Surface Science Instruments, 
Mountain View, CA, USA) equipped with a monochromatic 
Al Ka source (1,486.6 eV) with a spot size of 200 x 750 \xm 
and a pass energy of 25 eV, providing a resolution of 0.74 eV 
This equipment has a fixed degree of surface sensitivity due 
to the collection of photoelectrons at a fixed take-off electron 
emission angle of b=0° (relative to normal sample) between 
the X-ray axis and the electron analyzer axis (f=7 1° fixed, non 
variable ). Surface analysis can be performed with a sampling 
volume that extends from the surface to a maximum depth 
of 40-50 A. The accuracy of the reported binding energies 
was estimated to be ±0.2 eV. The quantitative data were also 
checked for accuracy and reproduced several times (at least 
ten times for each sample) and the percentage error was 
estimated to be +1%. 

Fourier transform and attenuated total 
reflectance infrared spectroscopy 

Infrared spectra were recorded on a Nicolet 380 FT-IR spec- 
trometer (Thermo Scientific, Baltimore, MD, USA) equipped 
with a commercial attenuated total reflectance accessory. 
The FT-IR spectra were recorded from 4,000 to 400 cm -1 at 
2 cm -1 resolution using an IFS 66v/S spectrometer (Bruker 
Corporation, Karlsruhe, Germany) and KBr pellets. Spectra 
were collected by averaging 256 scans at 4 cnr 1 resolution. 

Analysis of zeta potential 

Electrophoretic determinations were performed using 
DELSA apparatus (Beckman Coulter Inc., Pasadena, CA, 
USA). A DELSA 440 instrument was used to determine the 
electrophoretic velocity of the suspended particles by measur- 
ing the Doppler shift of scattered laser light simultaneously 
at four different scattering angles, ie, 7.5°, 15.0°, 22.5°, 
and 30.0°. Suspensions of HA were prepared as follows: 
0.05 g/L of HA in 10~ 2 M KN0 3 (constant ionic strength) at 
a spontaneous constant pH. 



Results 

Synthetic biomimetic HA nanocrystals 

In this study, we analyzed the antimicrobial, anti-inflammatory, 
and antioxidant activity of LF delivered by synthetic biomi- 
metic HA nanocrystals. Biomimetic HA nanocrystals were 
synthesized as previously reported, 23 with a carbonate content 
of 5%+2%, resembling that of bone HA where the carbonate 
content ranges from 4 wt% to 8 wt%. 

The FTIR spectrum for the synthesized biomimetic HA 
(Figure 1A) not only reveals the characteristic adsorption 
bands of phosphates at 1,034 cnr 1 and 1,100 cm 4 , but 
also the adsorption bands due to the presence of carbonate. 
A small adsorption band at 880 cnr 1 was utilized to evaluate 
the percent carbonate content in HA, and adsorption bands at 
1,466 cnr 1 , 1,422 cm 4 , and 1,545 cnr 1 and was consistent 
with carbonate type A (hydroxyl site)-substituted and type 
B (phosphate site)-substituted HA nanocrystals, the latter 
closely resembling the prevalent type B carbonate substitution 
in the HA found in human bone (Figure IB). 32 

In Figure 2A, a transmission electron microscopy image 
of the synthesized HA nanocrystals reveals their planar acicu- 
lar morphology, which closely resembles that of HA nano- 
crystals in bone (Figure 2C). The crystals have a plate-like 
morphology (length and width about 1 10+5 nm and 20±3 nm, 
respectively, and a thickness of about 8+2 nm). The main 
crystal dimension is elongated towards the crystallographic 
c-axis, as derived by the orientation of fringes 0.34 nm apart 
and related to the (002) planes (Figure 2B). It is important to 
observe how the fringes related to the (002) crystallographic 
planes are homogeneously extended in the whole crystal core 
up to near the surface neighboring the crystal. The surface 
surrounding the nanocrystal appears to be amorphous without 
a defined crystallographic order. This finding is confirmed by 
a nearly stoichiometric calcium/phosphorus molar ratio of 
1 :7 as determined by chemical analysis in bulk and a surface 
calcium/phosphorus molar ratio of 1 :3 when determined by 
X-ray photoelectron spectroscopy analysis. The presence 
of 5% phosphate anions substituted by carbonate anions 
produces a pseudoamorphous layer without crystalline order 
on the surface of the nanocrystals. The amorphous surface 
is responsible for the zeta potential of -20.5+1 .5 mV shown 
by the HA nanocrystals at physiological pH (7.4). The high 
reactivity of the HA nanocrystals is ascribed to these find- 
ings, together with the high specific surface area of about 
110 m 2 /g, which is only slightly lower than the value of 
120 m 2 /g obtained for biological nanocrystals. 

The powder X-ray diffraction pattern for the synthe- 
sized HA nanocrystals reported in Figure 3A shows the 
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Wavenumbers (cm -1 ) 

Figure I Fourier transform infrared spectrum of the synthesized biomimetic HA nanocrystals revealing absorption bands due to phosphate groups at 1 ,034 cm -1 and 1 , 1 00 cm" 1 
and absorption bands due to carbonate groups, ie, a small band at 880 cm -1 and others at 1 ,466 cm -1 , 1 ,422 cm" 1 , and 1,545 cm" 1 , which are consistent with type A and type B, 
respectively, carbonate-substituted hydroxyapatite (B) and closely resemble natural hydroxyapatite in human bone (A). 



characteristic diffraction maxima for HA single phase 
(JCPDS 9-32). The diffraction pattern of the synthesized 
HA shows poorly defined diffraction maxima, indicating a 
relatively low degree of crystallinity. In Figure 3B, the X-ray 
diffraction pattern of deproteinated bone HA is reported for 

A B 



\ 6.34 m). 




Figure 2 (A) Transmission electron microscopy (TEM) image of a synthetic 
hydroxyapatite nanocrystal with a planar acicufar morphology mimicking the 
bone biogenic hydroxyapatite nanocrystals. (B) High-resolution image of a single 
carbonate hydroxyapatite nanocrystal with the c crystallographic axis parallel to 
the main crystal dimension and orthogonal to the fringes related to the (002) 
crystallographic planes. The arrows show the order present in the hydroxyapatite 
crystal. High resolution TEM image shows how it is possible to observe the 
regular packing present into the crystal. (C) TEM image of bone hydroxyapatite 
nanocrystals. 



comparison. The degree of synthetic HA crystallinity 30 was 
calculated according to the method described by Sherman, 30 
obtaining a value of 45%, which is increased in respect to the 
value of 28% determined from the X-ray diffraction pattern 
of natural apatite in deproteinated bone. 

Preparation and characterization 
of LF-coated HA 

Synthetic biomimetic HA nanocrystals were surface- 
functionalized at pH 7.4 by different amounts of lactofer- 
rin molecules using the method reported by Iafisco et al. 20 
Isotherm LF adsorption onto biomimetic HA nanocrystals 
at pH 7.4 is reported in Figure 4, where the adsorbed amount 
(C Lactoferrin, in mg/m 2 ) is plotted against the protein 
concentration after adsorption (C Lactoferrin in mg/mL). 
The plot is characterized by an initial slope, indicating high 
protein affinity for the HA surface. 

The increase in LF concentration in the buffer solution 
enhances the surface coverage until it is complete. The 
absorption-saturation yields a plateau value corresponding 
to the maximum amount of LF surface immobilization of 
about 0.8 mg/m 2 . The isoelectric point of LF is 8.5, and it 
thus has a net positive charge below the isoelectric point. 33 
At pH 7.4, the positive electrostatic surface potential of 
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Figure 3 (A) Powder X-ray diffraction pattern of synthesized hydroxyapatite nanocrystals and (B) deproteinated bone hydroxyapatite. 
Abbreviation: AU, arbitrary unit. 



LF produces a strong surface interaction, with the negative 
HA nanocrystals having a zeta potential of- 20.5+1.5 mV 
and avoiding protein-protein interaction. This electrostatic 
interaction leads to formation of an LF monolayer coated 
onto the HA nanocrystals. The HA morphology and the 
nanodimension do not appreciably affect the conformation 
of the absorbed LF. At pH 7.4, the LF covering the HA nano- 
crystals appeared to be only slightly unfolded, with a small 
fraction of the alpha-helix structure being converted into turn 
while the beta-sheet content remained almost unchanged. 20 
Nanohybrid composite made of biomimetic HA nanocrystals 
surface - covered of 0.8 mg/m 2 (LF-HA) were prepared in 
order to test their biological activity. 

Antimicrobial and hemolytic activities 

Synthetic biomimetic HA nanocrystals surface-functionalized 
with LF were tested for their antibacterial activity against 



S. aureus A 170, L. monocytogenes, S. enterica serovar 
Paratyphi B, and E. coli. LF molecules delivered by the 
biomimetic HA nanocrystals were active against both Gram 
positive and Gram negative bacteria. LF molecules effective- 
ness depend on LF-HA concentration. The antimicrobial 
activity of LF-HA and LF is shown at different concentrations 
(300-500 u\g/mL) in Table 1 A and B. The antimicrobial activ- 
ity of LF-HA at a concentration of 300 |*lg/mL is higher than 
that of unconiugated LF. The LF-HA nanohybrid composite 
at a concentration of 300 |lg/mL had low hemolytic activity 
(10%) and the LC 50 value was 526.7 ng/mL. 

Cytotoxic activity and antioxidant 
capacity 

LF-HA was slightly cytotoxic when tested in a THP-1 cell 
line at concentrations of 300-500 |ig/mL. The THP-1 cells 
remained viable for up to 72 hours (Table 2). In addition, 



1.4 
1.2 
1 

g 0.8 
O) 

£ 0.6 
0.4 

0.2 



t i * * it * 



0 1 2 3 4 5 6 7 

C lactoferrin mg/mL 



9 10 11 



Figure 4 Adsorption isotherm of lactoferrin on biomimetic hydroxyapatite nanocrystals at pH 7.4. The adsorbed lactoferrin is plotted against the protein concentration 
after adsorption. 
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Table I Antimicrobial activity of LF-HA versus unconiugated LF 



Strains LF-HA LF-HA 

300 ng/mL 350 ng/mL 

(A) 

Staphylococcus aureus 6 1 % 65% 

Salmonella Paratyphi B 63% 66% 

Escherechia coli 65% 68% 

Listeria monocytogenes 60% 63% 

LF LF 

300 ng/mL 350 |lg/mL 



LF-HA LF-HA LF-HA 

400 ng/mL 450 |ig/mL 500 |Xg/mL 



70% 77% 80% 

71% 78% 81% 

72% 75% 78% 

70% 75% 80% 

LF LF LF 

400 ng/mL 450 ng/mL 500 (ig/mL 



(B) 

Staphylococcus aureus 28% 30% 36% 40% 42% 

Salmonella Paratyphi B 23% 28% 31% 35% 41% 

Escherechia coli 25% 31% 36% 42% 48% 

Listeria monocytogenes 22% 26% 30% 37% 40% 

Note: (A) Antimicrobial activity at different concentrations (300-500 pg/mL) of LF-HA against Gram-positive (Staphylococcus aureus and Listeria monocytogenes) and Gram- 
negative (Escherichia coli and Salmonella Paratyphi B) bacteria ( 1 0 6 colony forming units per well; 60 uL). (B) Antimicrobial activity at different concentrations (300-500 pg/mL) 
of LF against Gram-positive (S. aureus and L monocytogenes) and Gram-negative (£. coli and Salmonella Paratyphi B) bacteria (I0 6 colony forming units per well; 60 pL). 
Abbreviations: HA, hydroxyapatite; LF, lactoferrin. 



LF-HA induced low production of N0 2 in THP-1 cells. 
Production of N0 2 was reduced in cells stimulated with 
lipopolysaccharide and then treated with LF-HA compared 
with control cells (stimulated only with lipopolysaccharide, 
Table 3). The LDH enzyme released by THP-1 cells was used 
as the endpoint for the study of cellular toxicity (Figure 1 A). 

LF-HA induced low production of LDH in THP-1 cells. 
Release of LDH into the medium is a sign of necrotic cell 
death, 34 and production of LDH was reduced in cells stimu- 
lated with lipopolysaccharide 10 Lig/mL and then treated with 
LF-HA compared with the positive control provided by the kit 
(Figure 5 A). The antioxidant properties of HA and LF alone 
or combined in the hybrid LF-HA composites was evaluated 
using the ABTS test (HA, 14,632 mmol/L; LF, 2,605 mmol/L; 
LF-HA, 15,294 mmol/L). A small increase in antioxidant 
activity was found in the LF-HA composite. 

Immunomodulatory activity 

We also investigated the immunomodulatory activity of 
LF-HA in THP- 1 cells stimulated by lipopolysaccharide. For 
this purpose, the performance of selected cytokines, includ- 
ing TNF-a, IFN-y, IL-17, IL-4, IL-12, IL-8, IL-6, and IL-10, 
was evaluated by enzyme-linked immunosorbent assay. 



Cytokines can be considered as an important parameter 
for defining inflammation. 35 Treatment of THP-1 cells with 
acetylsalicylic acid or LF-HA did not induce any inflamma- 
tory response, and levels of TNF-a, IFN-y, IL-17, IL-4, IL-6, 
IL-10, IL-12, and IL-8 appeared to be low. After stimulation 
of THP-1 cells by lipopolysaccharide, an increase in levels 
of proinflammatory cytokines, ie, TNF-a, IFN-y, IL-6, and 
IL-17, was observed with a peak after 4 hours (Figure 5B). 
After treatment of lipopolysaccharide-stimulated THP-1 
cells with LF-HA, the levels of proinflammatory cytokines 
decreased while the levels of others, such as IL-4, IL-10, 
IL-12, and IL-8, showed an increase, reaching a peak at 4 
hours. On treating lipopolysaccharide-stimulated THP-1 
cells with acetylsalicylic acid, there was a decrease in 
TNF-a, IFN-y, IL-6, and IL-17 levels and an increase in 
IL-4, IL-10, IL-12, and IL-8 levels (Figure 5B). THP-1 cells 
were treated with lipopolysaccharide, the supernatant was 
collected at 2, 4, 6, 8, 12, and 24 hours, and TNF-a and IL-6 
levels were quantified. These cytokines show a high level 
of expression for up to 8 hours (data not shown). In THP-1 
cells stimulated with lipopolysaccharide and treated with 
LF-HA, TNF-a, and IL-6 levels started to decrease 4 hours 
after treatment. 



Table 2 Analysis of cell viability 



Time (h) 


THP-1 


THP-1 + LF-HA 

300 ng/mL 


THP-1 + LF-HA 

350 |lg/mL 


THP-1 + LF-HA 

400 ng/mL 


THP-1 + LF-HA 

450 ng/mL 


THP-1 + LF-HA 

500 plg/mL 


24 h 


99% 


83% 


76% 


71% 


70% 


67% 


48 h 


96% 


80% 


74% 


70% 


67% 


64% 


72 h 


90% 


77% 


72% 


68% 


65% 


62% 



Note: THP-1 cells were treated with LF-HA {300-500 pg/mL) and cell viability was determined at 24, 48, or 72 hours by the Trypan blue test. 
Abbreviations: HA, hydroxyapatite; LF, lactoferrin; h, hours. 
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Table 3 Time couse of N0 2 production by THP-I cells/macrophages. 





Time (h) 






24 h 


48 h 


72 h 


THP-I 


0,596±0.02 urnol 


0,76±0.08 umol 


0,996±0.04 umol 


THP-I + LPS 


3,9I0±0.0I umol 


4,4 1 5±0.2 umol 


5,3 12±0.03 umol 


LF-HA 300 ug/mL 


1 , 1 20±0.04 umol 


l,520±0.25 umol 


1 ,720±0.04 umol 


LF-HA 350 ug/mL 


I,I40±0.03 umol 


l,449±O.I2umol 


l,740±0.046 umol 


LF-HA 400 ug/mL 


I,I75±0.I umol 


l,775±O.I6|imol 


l,875±0.038 umol 


LF-HA 450 ug/mL 


1 ,25±0.04 umol 


l,655±0.07 umol 


l,958±0.04 umol 


LF-HA 500 ug/mL 


l,278±0.04 umol 


1 ,878±0.09 umol 


1 ,968±0. 1 6 umol 


LPS + LF-HA 300 ug/mL 


I,8I4±0. 12 \imo\ 


l,940±0.0l umol 


1,991 ±0.25 u.mol 


LPS + LF-HA 350 ug/mL 


l,775±0.04 umol 


1 ,970±0.04 umol 


2,075±O.IOumol 


LPS + LF-HA 400 ug/mL 


I,950±0.0I3 umol 


1 ,980±0.03 umol 


2,I9±0.02 umol 


LPS + LF-HA 450 ug/mL 


2, 1 59+0. 1 1 umol 


2,359±0.07 umol 


2,431 ±0.2 umol 


LPS + LF-HA 500 ug/mL 


2,250±O.I7umol 


2,395±0.l4umol 


2,249±O.I8|imol 


Note: N0 2 production by untreated THP-I ce 


s, THP-I cells stimulated with LPS (10 ug/mL), THP-I 


cells treated with LF-HA (300-500 |lg/rr 


L) and THP- 1 cells stimulated 



with LPS (10 u_g/mL) and treated with LF-HA (300-500 |!g/mL). The data are expressed as (imol of N0 2 for I0 6 input cells, and shown as the mean ± standard deviation of 
three different experiments, each performed in triplicate. 

Abbreviations: HA, hydroxyapatite; LF, lactoferrin; LPS, lipopolysaccharide; h, hours. 
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Figure 5 (A) LDH assay. The effect of LF-HA on LDH release in untreated THP- 1 cells, THP- 1 cells stimulated with LPS 1 0 (ig/mL for 2, 4, or 24 hours, THP- 1 cells treated 
with LF-HA 300 Jig/mL or ASA 300 |ig/mL for 2, 4, or 24 hours, and THP- 1 cells stimulated with LPS 1 0 Jig/mL and then treated with LF-HA 300 Ug/mL or ASA 300 |ig/mL 
for 2, 4, or 24 hours. Positive control: control plus LDH provided by the kit. (B) Anti- inflammatory activity. IFN-y, TNF-a, IL-I7, IL-4, IL-I2, IL-8, IL-6, and IL-I0 levels were 
determined by a sandwich enzyme-linked immunosorbent assay test in untreated THP-I cells, THP-I cells stimulated with LPS 10 (ig/mL for 2, 4, or 24 hours, THP-I cells 
treated with LF-HA 300 fig/mL or ASA 300 ^g/mL for 2, 4, or 24 hours, and THP-I cells stimulated with LPS 10 Ug/mL and then treated with LF-HA 300 (ig/mL or ASA 
300 (ig/mL for 2, 4, or 24 hours. Negative control: THP-I cells in Roswell Park Memorial Institute medium. Results from the representative experiments are presented as 
the mean ± standard deviation. 

Abbreviations: ASA, acetylsalicylic acid; HA, hydroxyapatite; LDH, lactate dehydrogenase; IFN-y, interferon gamma; IL, interleukin; LF, lactoferrin; LPS, lipopolysaccharide; 
TNF-a, tumor necrosis factor alpha; h, hours. 
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In the presence of lipopolysaccharide, LF-HA specifically 
inhibits the release of proinflammatory cytokines and increases 
the secretion of anti-inflammatory cytokines, both in vivo and 
in vitro. LF-HA downregulates the synthesis of proinflam- 
matory cytokines due to its ability to bind lipopolysaccharide 
through the LF domain. Therefore, LF-F1A competes with 
lipopolysaccharide-binding protein for binding to lipopoly- 
saccharide and blocks transport of endotoxins to mCD14, 
which is expressed on the surface of macrophages. By binding 
lipopolysaccharide, LF-HA prevents activation of NF-kB and 
consequently the production of proinflammatory cytokines. 36 

Based on the results obtained here, we can conclude 
that the performance of TNF-a and IL-6 in THP-1 cells 
stimulated with lipopolysaccharide and then treated with 
acetylsalicylic acid is comparable with that in cells stimu- 
lated with lipopolysaccharide and then treated with LF-HA. 
Further tests have shown that LF-HA downregulates the level 
of proinflammatory cytokines and that it also demonstrates 
immunomodulatory activity. These effects appeared to be 
comparable with those of acetylsalicylic acid, a well known 
anti-inflammatory drug (Figure 5B) that helps to regulate 
the immune response. 

Conclusion 

Careless prescribing has led to the ineffectiveness of some 
antibiotics that were once considered adequate. 35 In this situ- 
ation, antimicrobial proteins, in their natural form alone or 
combined with other molecules, could represent a solution 
to this problem. Antimicrobial molecules are characterized 
by a broad spectrum of activity against Gram-positive and 
Gram-negative bacteria and have a low level of toxicity in 
eukaryotic cells. 6 In this work, we investigated the antimi- 
crobial, anti-inflammatory, and antioxidant activity of an 
LF-HA nanohybrid composite composed of biomimetic HA 
nanocrystals surface-covered of 0.8 mg/m. 

In conclusion, it can be stated that the known antibacte- 
rial, immunomodulatory, and antioxidant properties of LF are 
increased when molecules of this protein are surface-linked 
to biomimetic HA nanocrystals. 36 ' 37 ' 38 The present findings 
show that the LF-HA hybrid composite has potential with 
regard to preparation of antimicrobial and antioxidant material 
useful for the design of innovative technological biomedical 
applications. 
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